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ABSTRACT Staphylococcus aureus is capable of phosphorylating exogenous fatty
acids for incorporation into the bacterium’s membrane via the fatty acid kinase,
FakA. Additionally, FakA plays a significant role in virulence factor regulation and
skin infections. We previously showed that a fakA mutant displays altered growth ki-
netics in vitro, observed during the late-exponential phase of growth. Here, we dem-
onstrate that the absence of FakA leads to key metabolic changes. First, the fakA
mutant has an altered acetate metabolism, with acetate being consumed at an in-
creased rate than in the wild-type strain. Moreover, the growth benefit was dimin-
ished with inactivation of the acetate-generating enzyme AckA. Using a mass
spectrometry-based approach, we identified altered concentrations of tricarboxylic
acid (TCA) cycle intermediates and both intracellular and extracellular amino acids.
Together, these data demonstrate a change in carbohydrate carbon utilization and
altered amino acid metabolism in the fakA mutant. Energy status analysis revealed
the mutant had a similar ADP/ATP ratio to that of the wild type, but a reduced ade-
nylate energy charge. The inactivation of fakA changed the NAD�/NADH and
NADP�/NADPH ratios, indicating a more oxidized cellular environment. Evidence
points to the global metabolic regulatory proteins CcpA and CodY being important
contributors to the altered growth in a fakA mutant. Indeed, it was found that di-
recting amino acids from the urea cycle into the TCA cycle via glutamate dehydro-
genase was an essential component of S. aureus growth after glucose depletion. To-
gether, these data identify a previously unidentified role of FakA in the global
physiology of S. aureus, linking external fatty acid utilization and central metabolism.

IMPORTANCE The fatty acid kinase, FakA, of Staphylococcus aureus plays several im-
portant roles in the cell. FakA is important for the activation of the SaeRS two-
component system and secreted virulence factors like �-hemolysin. However, the
contribution of FakA to cellular metabolism has not been explored. Here, we high-
light the metabolic consequence of removal of FakA from the cell. The absence of
FakA leads to altered acetate metabolism and altered redox balance, as well as a
change in intracellular amino acids. Additionally, the use of environmental amino
acid sources is affected by FakA. Together, these results demonstrate for the first
time that FakA provides a link between the pathways for exogenous fatty acid use,
virulence factor regulation, and other metabolic processes.
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The facultatively anaerobic Gram-positive bacterium Staphylococcus aureus is a
common colonizer of the human nares but is also a potent human pathogen. While

primarily causing skin infections, S. aureus is capable of establishing infection in a
multitude of anatomical sites in the human body, leading to life-threatening diseases
(1). These different niches have a wide variety of nutrients, necessitating S. aureus to
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have an adaptable metabolism. Perhaps, not surprisingly, virulence factor production
and metabolism are linked as S. aureus adapts to its environment (2, 3).

S. aureus possesses complete central metabolic pathways, including glycolysis, the
pentose phosphate pathway, and the tricarboxylic acid (TCA) cycle. These metabolic
pathways, as well as virulence factor production, are under the control of global
regulators (3–6). Carbon catabolite protein A, or CcpA, is a DNA-binding protein and has
been shown to regulate multiple branches of metabolism. Importantly, CcpA represses
the TCA cycle in the presence of glucose or other glycolytic carbohydrates that
generate fructose-1,6-bisphosphate (7–11). In addition, CcpA controls the expression of
genes encoding key enzymes in amino acid metabolism (5, 12, 13). CodY is a global
transcriptional regulator that directly monitors the intracellular concentrations of
branch-chained amino acids (BCAAs), as well as levels of cellular GTP (14, 15). Accord-
ingly, CodY has been shown to regulate BCAA biosynthesis pathways and control a
multitude of virulence factors, from repressing toxins to activating microbial surface
components recognizing adhesive matrix molecules (MSCRAMMs) (4, 16–18). Deletion
of ccpA from Staphylococcus aureus impacts the transcription of virulence factors, such
as the downregulation of the global effector molecule of the Agr system, RNAIII (19).
CodY has also been shown to alter transcription of the agr locus and thus expression
of virulence factors such as �-hemolysin (4, 20, 21). More recently, CodY binding motifs
were identified upstream of the P1 promoter of the saePQRS operon (22), suggesting a
direct role for CodY regulating secreted virulence factors. As a consequence of these
two key regulatory proteins, both the availability of carbohydrates and amino acids can
induce metabolic changes as well as altering virulence factor production.

The details of carbon flow, particularly from glucose, through central metabolism
have been a topic of significant study. In the presence of a preferred carbohydrate, such
as glucose, S. aureus uses glycolysis to produce pyruvate, which can be converted into
multiple metabolites depending on the environment. Under aerobic conditions and in
the presence of glucose, the TCA cycle is repressed by CcpA (11), and much of the
pyruvate is converted to acetyl coenzyme A (acetyl-CoA) and then acetate, with ATP
created by substrate-level phosphorylation by the phosphotransacetylase-acetate ki-
nase (Pta-AckA) pathway (23, 24). Once glucose and glycolytic intermediates (fructose-
1,6-bisphosphate) are depleted from the environment, CcpA repression of the TCA
cycle is relieved and acetate is reassimilated to acetyl-CoA (25) and subsequently
processed through the TCA cycle. This switch from acetate production to acetate
consumption is known as the “acetate switch” (26), the timing of which is presumably
controlled by CcpA both directly and indirectly.

Recently, fakA (originally named vfrB) was characterized in Staphylococcus aureus
(27). This gene encodes a fatty acid kinase, which is responsible for phosphorylating
exogenous fatty acids and incorporating them into the S. aureus phospholipid bilayer
(28). FakA has been shown to regulate virulence factor production, such as that of
�-hemolysin and several proteases (27), as well as impacting the type VII secretion
system (29). We have shown that FakA mediates at least some of these effects through
the activation of the SaeRS two-component system (30). In addition, FakA influences
biofilm formation (31) by an unknown mechanism. Previously, we showed that deletion
of the fakA gene led to altered growth kinetics (27). Here, we demonstrate that a fakA
mutant displays an altered acetate switch as well as an apparent altered amino acid
metabolism.

RESULTS
A fakA mutant displays altered growth and acetate kinetics. Previously, we

showed that a fakA mutant has an extended exponential phase of growth, resulting in
higher growth yield (27) and suggesting an altered metabolism in the fakA mutant. For
a summary of metabolic pathways and changes observed in the fakA mutant, see Fig.
10. To determine the effect that FakA has on the growth of S. aureus, the wild type, the
fakA mutant, and the fakA complemented strain were grown in tryptic soy broth (TSB)
supplemented with 14 mM glucose. In agreement with our previous results, we
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observed enhanced late-exponential-phase growth in the fakA mutant, which could be
restored to wild-type levels when fakA was provided on a plasmid (Fig. 1A). Under
aerobic growth in the presence of glucose, S. aureus produces acetate as a by-product,
which leads to decreased medium pH, followed by consumption of acetate and a rise
in pH (24, 32, 33). Interestingly, altered growth kinetics of the fakA mutant correlated
with an increased culture pH (Fig. 1B), consistent with decreased production or
enhanced utilization of acetate in the fakA mutant. Growing the fakA mutant under
decreased flask-to-medium ratios resulted in no significant growth advantage com-
pared to the wild-type strain (see Fig. S1A in the supplemental material). Furthermore,
the growth advantage observed in the fakA mutant was diminished during the expo-
nential phase of growth when grown in TSB lacking glucose, with growth returning to
wild-type levels (Fig. S1B). To determine if the growth advantage was due to altered
acidification of the medium, the wild type, the fakA mutant, and the complemented
strain were grown in TSB buffered to a pH of 7.2 with 50 mM morpholinepropanesul-
fonic acid (MOPS) (Fig. S1C). All strains grew similarly to those grown in unbuffered
media, indicating that this growth phenotype is not the result of medium pH changes.
Taken together, these data suggest that FakA alters bacterial growth at the exponential
phase of growth in a glucose- and oxygen-dependent manner indicative of changes in
the acetate switch.

Altered acetate production and the timing of the growth divergence between the
wild-type and fakA mutant strains correlates with previous studies showing the switch
from glucose to acetate utilization in S. aureus (32, 33). To directly examine whether
glucose to acetate conversion and subsequent acetate consumption are altered in the
fakA mutant, both acetate and glucose concentrations were determined (Fig. 1C). In
agreement with previous work (33), glucose was consumed in the early exponential
phase, with a corresponding increase in acetate levels until glucose was depleted. The
fakA mutant consumed more glucose by hour 4, which corresponded with a slight
increase in acetate production and to the start of the growth divergence. During the
course of enhanced growth of the fakA mutant, decreased levels of acetate were
present in the medium, correlating to the observations of increased pH shown in

FIG 1 (A) Growth of wild-type (closed circle), fakA mutant (open circle), and fakA complement (triangle)
strains in TSB plus 14 mM glucose at a 1:10 medium-to-flask ratio. (B) pH of culture from panel A. Data
are the averages (n � 3) with standard deviations from representative experiments. All points have error
bars, which may be smaller than symbols. (C) Extracellular acetate (closed symbols) and glucose (open
symbols) were determined for wild-type (circles), fakA mutant (squares), and complement strains
(triangles). Data are averages (n � 6) with standard deviations. An asterisk denotes significance (t test,
P � 0.05) compared to the wild type.
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Fig. 1B. The changes in glucose and acetate utilization were both restored when fakA
was provided on a plasmid. Together, these results demonstrate that glucose and
acetate metabolism is different in the fakA mutant, and their timing suggests an altered
acetate switch.

Altered growth of the fakA mutant is dependent on AckA. Along with the
observation of altered acetate levels in the fakA mutant compared to those in the wild
type, we predicted that the altered growth of a fakA mutant would involve the
Pta-AckA and AcsA pathways, which are the primary mechanism to produce (33) and
consume (25) acetate, respectively. Not surprisingly, the ackA and fakA ackA mutant
strains grew poorly compared to both the wild type and the fakA mutant (Fig. 2A). This
agrees with previous studies that highlighted the importance of the production of
energy from the Pta-AckA pathway in S. aureus (13, 32, 34). However, the growth (Fig.
2A) was similar in the fakA ackA mutant compared to that of the ackA mutant,
indicating that the enhanced growth of the fakA mutant during the exponential phase
of growth is reliant on AckA. The fakA ackA mutant did have modest increased growth
compared to the ackA mutant at several time points. First, a slightly enhanced growth

FIG 2 (A) Growth of wild-type (closed circle), fakA mutant (open circles), ackA mutant (closed square),
and fakA ackA mutant (open square) strains. An asterisk denotes a significant difference (P � 0.05) for all
points after 2 h for wild type (WT) versus the fakA mutant, while # indicates significance for hours 4, 5,
and 9 to 12 for the ackA mutant versus the fakA ackA mutant. (B) pH of culture media from panel A. An
asterisk denotes a significant difference (P � 0.05) for all points after 2 h for WT versus the ackA mutant,
while # identifies differences (P � 0.05) for all points after 2 h, except for the ackA mutant versus the fakA
ackA mutant (6 h). (C) Quantification of acetate in the culture media at indicated time points. An asterisk
denotes a significant difference (P � 0.05). N.D., none detected. For all panels, data are the averages (n �
3) with standard deviations from representative experiments. All points have error bars, which may be
smaller than symbols.
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was observed at 4 and 5 h of growth, similar to that seen with the fakA mutant
compared to the wild type in the absence of glucose (Fig. S1B), as well as at the latest
time points examined. As seen in a previous report (33), the ackA mutants did produce
some acetate (Fig. 2C). There was no difference in acetate between the ackA and fakA
ackA mutant at either 3 or 6 h of growth, although the fakA ackA mutant consumed
more acetate by 12 h. This could be responsible for the increased growth observed in
the fakA ackA mutant compared to that in the ackA mutant (Fig. 2). Current models
suggest AcsA as the means to assimilate acetate for redirection into the TCA cycle (24,
25), although experimental confirmation is lacking. Surprisingly, acsA and fakA acsA
mutants resembled the wild type and the fakA mutant, respectively, during most of
growth (see Fig. S2 in the supplemental material). AcsA had a modest effect in both
strains after 8 h, well past the point of glucose exhaustion from the media. Interestingly,
the acsA mutant depleted approximately 75% of produced acetate (Fig. S2; compare
ascA at 3 and 12 h). Much like the parent strains, the fakA acsA mutant had less acetate
in the medium compared to the acsA mutant. These data demonstrate a role for acetate
produced via AckA in the enhanced growth of the fakA mutant, but, in contrast to most
models, the majority of acetate is being depleted via another mechanism rather than
by the AcsA pathway.

The fakA mutant has altered central metabolites, while maintaining acetyl-CoA
levels. Alterations in carbon flow through acetate metabolism would likely change
additional metabolic processes. To assess other metabolic changes in the fakA mutant,
we used liquid chromatography-tandem mass spectrometry (LC-MS/MS) to quantify
key metabolic intermediates at 3 or 6 h of growth. Pyruvate levels were below the limit
of detection (�1 nM mg�1 protein) for both the wild-type and fakA mutant strains at
either time point (data not shown). Acetyl-CoA was readily detected, and there was no
significant difference between the strains (Fig. 3A), demonstrating that despite differ-
ences in growth kinetics and altered acetate metabolism, acetyl-CoA levels are main-
tained. Since acetate levels, but not those of acetyl-CoA, were altered in the fakA
mutant, we suspected that carbon was being shuttled to alternative metabolites. We
found that the fakA mutant had a 38.3% increase in intracellular lactate compared to

FIG 3 Quantification of intracellular levels of acetyl-CoA (A) and lactate (B) after 3 and 6 h of growth for
wild-type (black bars) and fakA mutant (white bars) strains. Data are averages (n � 4) with standard
deviations and are normalized to protein concentration. An asterisk denotes a significant difference (t
test, P � 0.05) compared to the wild type.
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that in the wild type at 3 h of growth but showed no difference at 6 h (Fig. 3B).
Although not statistically significant, we also identified increased lactate in the super-
natants of the fakA mutant compared to those of the wild-type strain (see Table S1 in
the supplemental material). However, lactate production was not a major contributing
factor to growth, as the growth and pH of ldh1, fakA ldh1, ldh2, and fakA ldh2 mutants
showed no significant differences (see Fig. S3 in the supplemental material). In addition,
mutation of alsS, which produces acetoin from pyruvate, did not alter growth of the
wild type or the fakA mutant (Fig. S3).

Since FakA is necessary for exogenous fatty acid use, we tested whether the
endogenous fatty acid synthesis system was altered. This is also one direction in which
acetyl-CoA is diverted. We found no difference in levels of malonyl-CoA, the interme-
diate that feeds into fatty acid biosynthesis, between the wild-type and fakA mutant
strains (Fig. 4A). We also determined the transcription levels for fabH, which encodes a
key enzyme in fatty acid synthesis (35, 36). In agreement with unaltered malonyl-CoA,
fabH expression was not significantly changed in the absence of fakA (Fig. 4B),
indicating that the absence of fakA does not affect the endogenous fatty acid synthesis
pathway.

One major fate for acetyl-CoA is the TCA cycle. Indeed, when glucose from the
environment is exhausted, acetate is converted to acetyl-CoA for use in the TCA cycle.
Therefore, we examined the concentrations of several key TCA cycle intermediates.
Succinate, fumarate, and malate levels were not significantly different between the wild
type and the fakA mutant after 3 or 6 h of growth (Table S1). Compared to the wild
type, the fakA mutant had decreased intracellular citrate and �-ketoglutarate early in
growth, but significantly increased levels during the enhanced growth (6 hours). For the
full list of quantified organic acids, see Table S1.

The fakA mutant has a modified redox state. During growth utilizing glucose,
wild-type cells make most of their ATP through substrate phosphorylation via acetate
production. Following glucose exhaustion, generation of ATP then shifts to the TCA
cycle and electron transport chain. Given that acetyl-CoA levels were unaltered in the

FIG 4 (A) Quantification of intracellular levels of malonyl-CoA after 3 and 6 h of growth for wild-type
(black bars) and fakA mutant (white bars) strains. Data are averages (n � 4) with standard deviations and
are normalized to protein concentration. *, P � 0.05. (B) fabH transcript levels at 3 and 6 h of growth in
wild-type (black bars), fakA mutant (white bars), and fakA complement (gray bars) strains. Data are
average (n � 3) fold changes relative to wild-type, with standard errors of the mean.
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fakA mutant compared to those of the wild type, we examined the redox and energy
state of the cells using LC-MS/MS. After 3 h of growth, the fakA mutant displayed a
significant decrease in the NAD�/NADH ratio compared to that of the wild type (Fig.
5A), which transitioned to a significantly increased ratio during enhanced growth (6 h)
(Fig. 5A). While no difference was observed for NADP�/NADPH at 3 h of growth, at 6
h, this ratio was increased in the fakA mutant compared to that in the wild type (Fig.
5B), and this is attributed to increased NADP� at this time. Interestingly, at 6 h of
growth, the fakA mutant had increased levels of both ADP and ATP (see Table S2 in the
supplemental material), yet the ADP/ATP ratio was similar to that of the parent strain
(Fig. 5C). Additionally, AMP levels were significantly increased in the fakA mutant (Table
S2). We also used the ATP, ADP, and AMP results to calculate the adenylate energy
charge (AEC), as described by Atkinson et al. (37). Using this analysis, the fakA mutant
was found to have a decreased AEC at both time points examined (Fig. 5D). Together,
these data indicate that during enhanced growth, the fakA mutant has a more oxidized
cellular environment than that of the wild-type strain and has an overall moderately
decreased cellular energy status. For the full list of quantified nucleotides, see Table S2.

FakA modulates amino acid metabolism. Recently, Halsey et al. (13) reported that
different amino acids play unique roles for bacterial growth in the absence of glucose.
For example, the amino acids glutamate, glutamine, proline, arginine, asparagine, and
aspartate were shown to provide the organism with TCA cycle intermediates like
�-ketoglutarate and oxaloacetate. The amino acids alanine, glycine, and threonine are
converted to pyruvate and acetate via the Pta-AckA pathway (13). We sought to
determine the amino acid profiles of both wild-type and the fakA mutant strains, as
they may reflect the altered metabolism observed in the mutant strain. When analyzing
cellular amino acids at either 3 or 6 h of growth, we identified significant changes in 15
out of 22 amino acids tested at one or both time points, demonstrating significant
changes to amino acid metabolism in the fakA mutant (Fig. 6).

Amino acids that can be converted to pyruvate were less abundant in fakA mutant
cells. Specifically, threonine, glycine, and alanine were all at reduced levels at 6 h in the

FIG 5 Cellular ratios of NAD�/NADH (A), NADP�/NADPH (B), and ADP/ATP (C) and adenylate energy
charge (AEC) (D) determined by LC-MS/MS after 3 and 6 h of growth for wild-type (black bars) and fakA
mutant (white bars) strains. Data are the average ratios (n � 4) with standard deviations after normal-
ization to protein concentration. An asterisk denotes a significant difference (on t test, P � 0.05)
compared to the wild type.
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fakA mutant (Fig. 6). These same amino acids were consumed from the media at a
greater rate when the starting levels in the media were compared to those of the
supernatants. We also observed significant changes in amino acids that are involved in
the urea cycle. Intracellular arginine, histidine, proline, and glutamate levels (Fig. 6)
were all increased in the fakA mutant after 3 h of growth compared to those in the wild
type. At 6 h, arginine levels were similar in the wild type and the fakA mutant, while
histidine levels were lower. At this same time, proline and glutamate levels were
increased in the mutant.

Two nonproteinogenic amino acids were also examined. Citrulline and ornithine are
amino acids involved in the urea cycle, which is a key pathway in amino acid catabolism
and allows available carbon to enter the TCA cycle via �-ketoglutarate. After three and
6 h of growth, citrulline and ornithine levels were significantly increased in the fakA
mutant compared to those in the wild type (Fig. 6), suggesting altered urea cycle
activity. Therefore, we hypothesized that urease activity would be impacted. The urea
cycle connects glutamate and amino acids producing glutamate to the TCA cycle and
is subjected to carbon catabolite regulation independently of the presence of glucose
(11, 12). Urease activity was determined after 3 and 6 h of growth. The activity of urease
was increased in the fakA mutant compared to that in the wild type at both time points
(Fig. 7A). This is likely due to increased urease levels, since in the fakA mutant we
observed increased expression of a �-galactosidase-based reporter of the urease
promoter (Fig. 7B). Despite this increase in urease activity, inactivation of urease in both
wild-type and fakA mutant strains did not alter growth under our conditions (data not
shown).

Global regulators CcpA and CodY alter growth of the fakA mutant. The altered
growth of the fakA mutant is observed as glucose is depleted from the medium. Since
CcpA carries out its regulation in a glucose-dependent manner, we reasoned that CcpA

FIG 6 Quantification of intracellular amino acids from wild-type (WT) and fakA mutant strains grown for
3 (A) or 6 h (B). Concentrations were normalized to protein concentration. Data are averages (n � 4) with
standard deviations from representative experiments. An asterisk denotes a significant difference (t test,
P � 0.05) compared to the wild type. BLOQ, concentration below the limit of quantification.
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may have a role in the fakA mutant’s altered growth. Therefore, growth was monitored
in the absence of ccpA. After glucose depletion from the media, the ccpA and fakA ccpA
mutants grew similarly to the fakA mutant and better than the wild-type strain (Fig. 8A).
One indicator of CcpA activity is expression of gltA, which is repressed by CcpA (11). To
assess potential alterations in CcpA activity, gltA mRNA levels were assessed after 3 and
6 h of growth. Interestingly, while glucose was present, transcription of gltA was
increased 2-fold in the fakA mutant compared to that in the wild type, but it decreased
upon glucose exhaustion (6 h), similarly to that in a ccpA mutant (Fig. 8B). This result
indicates that CcpA activity may be altered in the fakA mutant.

We observed differences in amino acid metabolism (see Table S3 in the supplemen-
tal material) and guanine-based nucleotides (Table S2), both of which alter CodY
activity. In addition, amino acids are abundant in TSB, and it was possible that
enhanced growth was due in part to amino acid utilization. Due to the role of CodY in
regulating amino acid metabolism, we hypothesized that it may affect growth of the
fakA mutant. Indeed, inactivation of codY in the fakA mutant diminished the growth of
the fakA mutant to near wild-type levels, whereas the single codY mutant displayed no
altered growth (Fig. 8C). CodY is known to repress expression of ilvD (38); we therefore
used this transcript as an indicator of CodY activity. After 3 h, ilvD expression was not
significantly altered in the fakA mutant compared to that in the wild type (Fig. 8D).
Surprisingly, ilvD expression was reduced in the absence of codY and fakA together
compared to that in the codY mutant alone.

GudB is necessary for growth post-glucose consumption. Glutamate dehydro-
genase, encoded by gudB, produces �-ketoglutarate from glutamate, linking the urea
cycle amino acids to central metabolism (13). Since we observed altered urease activity
and amino acids levels associated with the urea cycle in the fakA mutant, we hypoth-
esized that directing carbon from these pathways into central metabolism would be
important for the growth of the fakA mutant. This is also suggested by the increased
�-ketoglutarate levels observed in the fakA mutant (Table S1). Indeed, mutation of gudB
hindered growth of both the wild-type and fakA mutant strains (Fig. 9A). Likewise, the
pH of the media was not different between the gudB and fakA gudB mutants (Fig. 9B).

FIG 7 (A) Urease activity was determined via absorbance at 560 nm for indicated strains grown for 3 or
6 h. (B) �-Galactosidase activity from a Pure-lacZ reporter measured in wild-type (black bars) and fakA
mutant (white bars) strains grown for 3 or 6 h. All data are the averages (n � 3) with standard deviations
from representative experiments. An asterisk denotes a significant difference (t test, P � 0.05).
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This highlights the importance of the production of �-ketoglutarate via glutamate and
amino acids that can be converted to glutamate as an important provider of carbon in
complex media upon glucose consumption that is necessary for growth of both
wild-type and the fakA mutant strains.

DISCUSSION

While FakA is involved in the utilization of exogenous fatty acids, we provide data
that the function of FakA extends into maintaining metabolic homeostasis (Fig. 10). In
the absence of FakA, we observed an altered acetate switch, redox state, and changes
in key metabolites, as well as intracellular amino acid pools when grown in complex
laboratory media, providing a snapshot of the metabolic state of the cell during growth.
The apparent shift in global metabolism observed in the fakA mutant results in an
increased NAD�/NADH ratio inside the cell. We also provide evidence supporting the
FakA-dependent activity of CcpA, as shown through the altered transcription of gltA
observed in the fakA mutant. It should be noted that we have recently reported that
FakA is an activator of the SaeRS two-component system (30), while another group
demonstrated that CodY binds to the sae P1 promoter (39). Thus, it was reasonable to
postulate that Sae would be important for the growth phenotype observed in the fakA
mutant. However, in our previous study we did not note a growth difference between
the fakA mutant and the fakA sae combination mutant. We reexamined this under the
growth conditions here and again observed no contribution of sae to the enhanced
growth of the fakA mutant (data not shown), demonstrating the ability of FakA to affect
multiple cellular networks.

The details of glucose/acetate metabolism have been well described for S. aureus,
with acetate reassimilated post-glucose consumption. Acetate is primarily generated by
the Pta-AckA pathway, and acetate consumption is thought to be mediated by AscA,

FIG 8 (A) Growth of wild-type (closed circle), fakA mutant (open circle), ccpA mutant (closed square), and
fakA ccpA mutant (open square) strains. All data points are the averages (n � 3) with standard deviations
from representative experiments. An asterisk indicates a significant difference (P � 0.05) between the WT
and ccpA mutant for all time points except 5 h, and # indicates significant difference between the fakA
and fakA ccpA mutants at hours 2 to 4 and 11 only. (B) Transcript levels of gltA determined via
quantitative real-time PCR (qRT-PCR) after 3 or 6 h of growth. Data are the average (n � 3) fold changes
relative to the wild type (wild type � 1) with standard errors of the mean. An asterisk denotes a
significant difference (t test, P � 0.05). (C) Growth of wild-type (closed circle), fakA mutant (open circle),
codY mutant (closed square), and fakA codY mutant (open square) strains. Data are the averages (n � 3)
with standard deviations from representative experiments. An asterisk indicates significance (P � 0.05)
between WT and codY mutant at hours 2, 3, 9, 10, and 12 only, while # identifies difference between the
fakA and fakA codY mutants at all time points. (D) Transcript levels of ilvD determined via qRT-PCR at 3
or 6 h of growth. Data are the average (n � 3) fold changes relative to the wild type (wild type � 1) with
standard errors of the mean. An asterisk denotes a significant difference (t test, P � 0.05).
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which converts acetate to acetyl-CoA. In support of this, both wild-type and the fakA
mutant strains generated acetate until glucose exhaustion, at which point acetate was
consumed, with the mutant depleting acetate at a higher rate (Fig. 1). Both strains
depleted acetate by 12 h (Fig. 2C). As expected, we observed diminished levels of
acetate in the ackA mutants, indicating that the Pta-AckA pathway is the predominate
pathway for acetate production in both strains. Contrary to the model, we observed the
depletion of approximately 75% of the acetate produced in the absence of acsA (Fig.
S2). Similarly to the wild type versus the fakA mutant, the deletion of fakA in the acsA
mutant led to increased acetate consumption. While these data do not directly measure
acetate conversion to acetyl-CoA, removal of acetate from the media clearly requires
enzymes besides AscA. Together, these data provide evidence for an enzyme capable
of compensating for the lack of AcsA. The identity of this enzyme is unknown; however,
there is a putative AMP-binding enzyme (SAUSA300_2542, EC 6.2.1.1) that may be
redundant with that of acsA. In addition, there is evidence in Escherichia coli that AckA
can work in reverse (24, 25, 40), but the kinetics are not favorable at the concentrations
produced by S. aureus. Also, acetate levels did not decrease in the ackA mutant (Fig. 2C),
suggesting that this is not the case. The identification of the enzyme(s) responsible for
acetate consumption in S. aureus and determination of whether AckA can act to
consume acetate await further investigation.

Acetate is often thought to be a primary source of carbon for S. aureus post-glucose
depletion, yet even strains that do not completely use acetate grow well. Another
abundant nutrient source in TSB is peptides and amino acids, some of which can be
shuttled into the TCA cycle due to GudB; therefore, the result that mutation of gudB
alters growth post-glucose consumption is not surprising. Halsey et al. (13) recently
showed that in chemically defined media, amino acids that can be converted to
glutamate are an important source of carbon (13). This seems to be the case in complex
media, such as TSB, as well. Indeed, the gudB and fakA gudB mutants entered stationary
phase once glucose was consumed, demonstrating the importance of amino acids for
S. aureus growth post-glucose consumption. This result highlights the importance of

FIG 9 (A) Growth of wild-type (closed circle), fakA mutant (open circle), gudB mutant (closed square), and
fakA gudB mutant (open square) strains. An asterisk denotes a significant difference (P � 0.05) for the
wild type versus the gudB mutant at all points after 4 h, and # identifies difference for the fakA mutant
versus the fakA gudB mutant for all time points after 2 h. (B) pH of culture media from panel A. Data are
the averages (n � 3) with standard deviations from representative experiments. An asterisk denotes a
significant difference (t test, P � 0.05) at all points for gudB mutants versus parent strains. All points have
error bars, which may be smaller than symbols.
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shuttling amino acids into the TCA cycle for growth of S. aureus despite an alternate
energy source such as acetate. Furthermore, we hypothesize that the activity of
glutamate dehydrogenase and the concomitant production of ammonia are necessary
for the increased pH observed during the growth of wild-type and fakA strains.

We provide data suggesting a FakA-mediated effect on CcpA activity by using the
expression of gltA (citrate synthase) as readout of CcpA activity. While gltA has been
used as a marker for CcpA activity, the expression of this gene is dependent on more
than just CcpA. Thus, one limitation for this experiment is that fakA alters gltA through
other means. Furthermore, CcpA is activated by Hpr kinase, which is in turn activated
by fructose-1,6-bisphosphate (FBP) (8). While we show that CcpA activity is affected by
the lack of fakA, we did not measure levels of FBP in the fakA mutant. Thus, a change
in steady-state FBP levels in fakA could be responsible for the altered CcpA activity
suggested. Furthermore, Hpr is linked to the glucose phosphotransferase system (PTS),
and changes in transport could affect Hpr, and subsequently CcpA, activity (8). More
directed studies of the activity of CcpA in the context of FakA are needed to further
characterize this relationship.

FIG 10 Relative change in intracellular concentrations of metabolites and their location in metabolism. Colors indicate either an increase (green
box), decrease (red box), or no significant change (black box) at 3 or 6 h in the fakA mutant compared to in the wild type.
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While regulation of ilvD is complex, it is used as an indicator mRNA for CodY activity.
As expected, inactivation of codY increased transcription of ilvD, whereas no difference
was observed in the fakA mutant alone. However, we observed decreased ilvD tran-
scription in the fakA codY mutant compared to that in the codY mutant (Fig. 8D),
indicating that in the absence of the repressor CodY, an additional activator is neces-
sary for ilvD expression. Moreover, this proposed activator has reduced activity in the
absence of FakA, and ilvD expression cannot be fully induced. The gene products gcp
and yeaZ have been shown to repress ilv-leu transcription; however, the mechanism has
not been identified (41, 42). Since these proteins repress ilvD expression, it is unlikely
that they are the proteins by which FakA acts in the absence of CodY. It is possible that
the decrease in ilvD expression in the fakA codY mutant compared to that in the codY
mutant is not transcriptional and is the result of early transcription termination or
mRNA stability. Recently, a report identified an attenuator peptide and termination
loop structure, which is dependent on amino acid levels, in the 5= untranslated region
(UTR) of ilvD (39). The change in the concentration of amino acids could have effects on
regulatory factors such as this attenuator peptide. However, the identification of the
regulatory factor uncovered by our data remains to be elucidated.

Fatty acid biosynthesis begins with the conversion of acetyl-CoA to malonyl-CoA,
which is then eventually converted to phospholipids for membrane incorporation (36).
Due to its role in utilizing exogenous fatty acids, it was possible that fatty acid
biosynthesis would be upregulated in the absence of fakA. We observed no difference
in either intracellular malonyl-CoA levels or in the transcription of fatty acid biosyn-
thesis genes, indicating that in complex media, the absence of fakA does not result in
increased de novo fatty acid biosynthesis. This was not surprising, since it has been
shown that exposure of S. aureus to a fatty acid-rich environment does not alter
expression of the fatty acid biosynthesis pathway (43) and that exogenous fatty acids
do not alter cellular malonyl-CoA levels (44). In support of this, our data demonstrate
that the ability to use environmental fatty acids does not influence the endogenous
synthesis pathway.

In this study, we have demonstrated a rewiring of S. aureus metabolism in response
to the presence or absence of the fatty acid kinase. This alteration of metabolism
involves changes in central metabolism, as well as pathways for amino acid utilization.
Furthermore, these results, when combined with work previously done in our lab and
by other groups, demonstrate an important link between fatty acid metabolism, central
metabolism, and virulence factor regulation.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this

study are presented in Table 1. Escherichia coli strains were grown in lysogeny broth (LB) or on LB agar
(15% [wt/vol]) supplemented with ampicillin (100 �g ml�1) for antibiotic selection when necessary. S.
aureus was grown in TSB supplemented with chloramphenicol (10 �g ml�1) or erythromycin (5 �g ml�1)
when necessary. For analyzing bacterial growth, S. aureus overnight cultures were initially inoculated to
an optical density at 600 nm of 0.1 in TSB without dextrose, which was supplemented with 14 mM
glucose and filter sterilized. Unless otherwise stated, cultures were incubated at 37°C with shaking at 250
rpm in a flask-to-medium ratio of 10:1. Growth was measured using optical density at 600 nm readings
or by assessing the number of CFU per milliliter on TSB with 15% (wt/vol) agar.

Measurement of glucose and acetate concentrations in the culture medium. Aliquots of bacterial
cultures (1.0 ml) were pelleted at 21,130 � g for 5 min. Supernatants were decanted and stored at �20°C
until analysis was performed. Acetate and glucose was quantified using kits purchased from R-Biopharm
(Washington, MO) according to the manufacturer’s protocol.

Measurement of urease activity. Urease activity was determined according to the method of Onal
Okyay et al. (45), with minor adjustments. Briefly, overnight cultures were inoculated to an optical density
at 600 nm of 0.5 in Stuart’s broth (46). The suspensions were incubated at 37°C with shaking at 250 rpm
for 24 h. Following incubation, the suspensions were centrifuged at 3,160 � g for 10 min and the
supernatants were removed and scanned. Optical density scans ranging from 400 nm to 600 nm were
performed at time of inoculation and after 3, 6, and 24 h of growth using a Spark 10M plate reader (Tecan
Group Ltd., Mannedorf, Switzerland). Optical density values at a wavelength of 560 nm as a measure of
urease activity were compared using a medium blank.

Production of S. aureus mutants. S. aureus transposon mutants are listed in Table 1 and were
obtained from BEI Resources. Bacteriophage �11 were propagated on mutants containing the desired
transposon by combining 5 ml of TSB with 5 ml phage buffer (in 500 ml water, as follows: 6.47 g
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glycerol-2-phosphate, disodium salt, 0.06 g MgSO4, 2.4 g NaCl, and 0.5 g gelatin), 100 �l �11 (�1 � 1010

bacteriophage), and 100 �l of overnight donor strain, mixed by inversion, and incubated statically at
room temperature overnight. The resulting �11 bacteriophage was then filter sterilized using a 0.45-�m
filter syringe and stored at 4°C until use. Transductions were performed as described previously (47).
Genotypes were confirmed in transductants via PCR.

Analysis of �-galactosidase activity. To construct pZD3, primers Purease-F2 (aatgaattcGATGATGC
TACCTACAATAGCCGCTA) and Purease-R2 (ggacgtcgacCCAATTTCATATTAGATACAATTTACAAAATT) were
used to amplify the promoter region of ureA from the AH1263 chromosome. The resulting PCR fragment
was digested with EcoRI and SalI and ligated into the same sites of pJB185 to produce pZD3.
�-Galactosidase activity was determined as previously described (30). Briefly, 1 ml of bacterial culture was
collected after 3 or 6 h of growth. Cells were pelleted, resuspended in 1.2 ml Z-buffer (60 mM Na2HPO4,
40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 3.4 ml �-mercaptoethanol) and lysed using a FastPrep-24

TABLE 1 Strains, plasmids, and oligonucleotides

Strain, plasmid, or oligonucleotide Relevant characteristic(s)a Source or reference

Strains
RN4220 Highly transformable S. aureus 52
AH1263 USA300 CA-MRSA strain LAC without LAC-p03 53
JLB2 AH1263 ΔfakA 27
JLB113 AH1263 ccpA::tetL 12
JLB114 AH1263 ΔfakA ccpA::tetL This study
JLB127 AH1263 ackA::�	 This study
JLB128 AH1263 ΔfakA ackA::�	 This study
JLB132 AH1263 ureB::�	 This study
JLB133 AH1263 ΔfakA ureB::�	 This study
JLB158 AH1263 gudB::�	 This study
JLB159 AH1263 ΔfakA gudB::�	 This study
NE385 Source of acsA::�	 54
NE1397 Source of alsS::�	 54
NE1642 Source of ureB::�	 54
KB8007 JE2-ΔackA::ermB; Emr 33
JLB165 AH1263 codY::�	 This study
JLB166 AH1263 ΔfakA codY::�	 This study
NE1518 Source of gudB::�	 54
NE1555 Source of codY::�	 54
NE1670 Source of ccpA::�	 54
NE1923 Source of ldh1::�	 54
NE1816 Source of ldh2::�	 54
JLB115 AH1263 saeR::�	 30
JLB116 AH1263 ΔfakA saeR::�	 30
JLB115 AH1263 acsA::�	 This study
JLB116 AH1263 ΔfakA acsA::�	 This study
JLB188 AH1263 ldh1::�	 This study
JLB189 AH1263 ΔfakA ldh1::�	 This study
JLB196 AH1263 ldh2::�	 This study
JLB197 AH1263 ΔfakA ldh2::�	 This study
JLB135 AH1263 alsS::�	 This study
JLB136 AH1263 ΔfakA alsS::�	 This study

Plasmids
pJB185 Promoterless codon-optimized lacZ, Amp/Cmr 30
pJB165 fakA complement, Amp/Cmr 27
pZD3 Pure-lacZ reporter, Amp/Cmr This study

Oligonucleotides
RT_ilvD_F GGACCAGGTATGCCTGAAAT This study
RT_ilvD_R GGGGAAATATGACCAACTGC This study
RT_gltA_F TGGAAAAACGTATGGCAGAA This study
RT_gltA_R CCATCCTGCAGAACGACTTA This study
RT-sigA-F AACTGAATCCAAGTGATCTTAGTG 55
RT-sigA-R TCATCACCTTGTTCAATACGTTTG 55
Purease-F2 aatgaattcGATGATGCTACCTACAATAGCCGCTA This study
Purease-R2 ggacgtcgacCCAATTTCATATTAGATACAATTTACAAAATT This study
CNK61 GATATGCCATTTCCAACTGTCG This study
CNK63 GCTGCAAGTTGATCCATAGAGG This study

aAntibiotic resistance abbreviations used: Amp/Cmr, ampicillin and chloramphenicol resistant; Emr, erythromycin resistant; tetL, tetracycline resistance gene.
Oligonucleotide sequences are provided in the 5=-to-3= orientation. Lowercase indicates nonhomologous sequences added for cloning purposes. CA-MRSA,
community-associated methicillin-resistant Staphylococcus aureus.
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5G homogenizer (MP Biomedicals), according to the manufacturer’s recommended settings for S. aureus
cells. �-Galactosidase activity was determined by adding 140 �l of ortho-nitrophenyl-�-galactosidase
(ONPG) (4 mg ml�1 [wt/vol]) to 700 �l of cell lysates and allowing reaction to turn slightly yellow at an
absorbance at 420 nm of less than 1.0 at 37°C. The reaction was stopped with 200 �l of 1 M sodium
bicarbonate, and then absorbance was measured at 420 nm. �-Galactosidase activity was determined
based on protein concentration using a Bradford assay with Bio-Rad protein concentration reagent and
reported as modified Miller units.

Reverse transcription-quantitative real-time PCR. RNA was extracted using an RNeasy minikit
(Qiagen) after 3 and 6 h of growth in TSB plus 14 mM glucose. The isolated RNA was treated with a
DNA-free kit (Ambion) to remove DNA contamination. RNA samples were quantified using a NanoDrop
One instrument (Thermo Fisher Scientific). RNA was standardized to 500 ng and used for cDNA synthesis
using a QuantiTect reverse transcription kit (Qiagen). cDNA was diluted 1:10 and used as the template
DNA for quantitative PCR, using FastStart essential DNA Green master mix in a LightCycler 96 system
(Roche). Data were calculated and analyzed according to Livak et al. (48). Data are the average from
biological triplicates each run as technical duplicates. Primers CNK61 (GATATGCCATTTCCAACTGTCG) and
CNK63 (GCTGCAAGTTGATCCATAGAGG) were used to amplify fabH, RT-ilvD-F (GGACCAGGTATGCCTGA
AAT) and RT-ilvD-R (GGGGAAATATGACCAACTGC) were used to amplify ilvD, and RT-gltA-F (TGGAAAAA
CGTATGGCAGAA) and RT-gltA-R (CCATCCTGCAGAACGACTTA) were used to amplify gltA. Data were
standardized to sigA (rpoD) using primers RT-sigA-F (AACTGAATCCAAGTGATCTTAGTG) and RT-sigA-R
(TCATCACCTTGTTCAATACGTTTG), as this has been shown to be a good calibrator previously (49, 50), and
we typically observed less than one threshold cycle (CT) difference between strains.

Cell collection and metabolite sample preparation for metabolite analysis. All glassware was
triple washed with high-performance liquid chromatography (HPLC)-grade water, then three times
with HPLC-grade acetone, and, finally, three times more with water. Overnight cultures of AH1263
and JLB2 were diluted to an optical density at 600 nm (OD600) of 0.1 in TSB with 14 mM glucose at
a 1:10 medium-to-flask ratio and incubated at 37°C with shaking at 250 rpm. Four biological
replicates were examined. Samples were removed at 3 or 6 h postinoculation and centrifuged to
pellet the cells. After centrifugation, supernatants were separated into 1-ml aliquots and frozen by
submersion in liquid nitrogen. The cell pellets were washed in cold phosphate-buffered saline (PBS),
aliquoted, and recentrifuged and had PBS removed, with immediate submersion in liquid nitrogen.
All samples were stored at �80°C until analyzed. For cell pellets, an additional tube was used for cell
quantification and protein content determination using a Bradford assay with Bio-Rad protein
concentration reagent. Samples were processed using LC-MS/MS, as previously described (51). The
adenylate energy charge was calculated as (ATP � 0.5ADP)/(AMP � ATP � ADP), as previously
described (37). Data were analyzed using a paired Student t test, where P � 0.05 was considered
statistically significant.

Statistical analyses. All statistical analyses were performed using Prism, version 6 (GraphPad).
Statistical significance was determined using an unpaired t test with the Holm-Sidak method for multiple
comparisons, where P � 0.05 was considered statistically significant unless otherwise stated. As stated
above, mass spectrometry statistics were analyzed by the Southeast Center for Integrated Metabolomics
(SECIM) Core using a t test in Microsoft Excel and revalidated using Prism.
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